The filter bank multicarrier employing offset quadrature amplitude modulation (FBMC/OQAM) is a candidate transmission scheme for 5G wireless communication systems. However, it has a high peak-to-average power ratio (PAPR). Due to the nature of overlapped signal structure of FBMC/OQAM, conventional PAPR reduction schemes cannot work effectively. A hybrid PAPR reduction scheme based on selective mapping (SLM) and multi data block partial transmit sequence (M-PTS) methods is proposed for FBMC/OQAM signals in this paper. Different from the simple SLM-PTS method, the proposed hybrid algorithm takes into account the overlapping effect of multiple adjacent data blocks on its PTS process. From simulation results, it can be obtained that the proposed method can offer a significant PAPR reduction performance improvement compared with the SLM, PTS and SLM-PTS methods. The proposed method can effectively reduce the PAPR in FBMC/OQAM systems.
Introduction
Multicarrier technology is now widely used in various wireless communication systems [1] [2] [3] . Recently, many researchers have given a great deal of attention to the filter bank multicarrier (FBMC) employing the offset quadrature amplitude modulation (OQAM) technique [4] [5] [6] , since it is considered as a potential alternative to the best-known orthogonal frequency division multiplexing (OFDM) scheme for 5G wireless communication systems [7] [8] [9] [10] . FBMC/OQAM, without inserting cyclic prefix, can overcome the drawbacks of OFDM. The FBMC/OQAM utilizes an inverse fast fourier transform/fast fourier transform (IFFT/FFT)-based filter bank for time-frequency-localized (TFL) pulse shaping, and interleaves OQAM symbols on subcarriers [11] . Although FBMC/OQAM is more complex than cyclic prefix (CP)-OFDM, it can provide higher robustness against carrier frequency offsets, significantly reduce out-of-band emissions, and have better spectrum in bandwidth-sensitive systems [12] . However, since FBMC/OQAM is a multi-carrier transmission technology, it has high peak-to-average power ratio (PAPR). In order to make use of FBMC/OQAM technical characteristics, it is very necessary to conduct the study of how to reduce the PAPR of FBMC/OQAM systems.
In the past decade, the researchers have proposed a number of PAPR reduction methods of OFDM signals, such as the selective mapping (SLM) [13] , partial transmit sequence (PTS) [14] , tone reservation (TR) scheme [15] , active constellation extension (ACE) [16] and so on. Considering that there is a certain similarity between the OFDM technology and FBMC/OQAM technology, it is natural for researchers to study how to use the PAPR reduction methods of OFDM signals to reduce the PAPR of FBMC/OQAM signals. However, there is a difference between these two signals, that is, the signals in the OFDM system are independent, while the FBMC/OQAM signals overlap with the adjacent data block signal. Hence, the conventional methods for OFDM cannot be effectively employed for FBMC/OQAM.
1.
To the best of my knowledge, a hybrid scheme combined with SLM and PTS for FBMC/OQAM signals has not yet been studied in the literature. At first, a simple SLM-PTS method is presented. When the overlapped structure of FBMC/OQAM signal is considered, the adjacent multi data block overlapping effect on its PTS process is taken into account, and a more effective hybrid method is proposed based on SLM and multi data block PTS methods.
2.
The superiority of the proposed method is that it combines the advantages of SLM and PTS methods, and the overlapped nature of FBMC/OQAM symbols is also considered. 3.
The accuracy of the analytical results under different conditions is verified through numerical simulation. The different conditions include different numbers of phase sequences, different numbers of sub-blocks, and different numbers of data blocks. Simulation results demonstrate that the proposed approach has better PAPR reduction performance than traditional SLM, PTS and SLM-PTS schemes.
The purpose of this paper is to propose an effective PAPR reduction method for FBMC/OQAM systems. I would like to convince readers with the potential of the proposed method as a high-performance PAPR reduction technology in FBMC/OQAM systems.
The rest of the paper is organized as follows. The FBMC/OQAM signal and PAPR for FBMC/OQAM are presented in Section 2. Section 3 shows the traditional SLM and PTS schemes. In Section 4, a hybrid method based on SLM and multi data block PTS PAPR reduction scheme is proposed. Section 5 shows the PAPR reduction simulation performance of the proposed hybrid method Information 2018, 9, 246 3 of 12 associated with the SLM, PTS and simple SLM-PTS methods. Finally, the conclusions are given in Section 6.
FBMC/OQAM System

FBMC/OQAM Signal Structure
In Figure 1 , we can see the block diagram of transmitter in FBMC/OQAM systems, in which N denotes the number of subcarriers and a m,n is the n-th subcarrier of m-th QAM symbol. The data is processed with OQAM modulation, where A m = [a m,1 , a m,2 , . . . , a m,N−1 , a m,N ]. After serial to parallel operation, the real and imaginary parts of each symbol are transmitted to subcarriers, respectively. Then, after the prototype filtering and phase modulation, the FBMC/OQAM transmission data block can be got by superimposing all the subcarrier signals. The m-th time-domain FBMC/OQAM data block signal is given below [28] :
where {.} denotes the real part of a m,n and {.} denotes the imaginary part of a m,n . T is the symbol period, β is the overlapping factor, and the response of the prototype filter is h(t), and φ m,n = n( 2πt T + π 2 ) represents an additional phase term.s m (t) is a single FBMC/OQAM data block signal formula. After adding all transmitted subcarrier signals, the time-domain signal s(t) of consecutive data blocks is given as:
where M is the number of data blocks.
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FBMC/OQAM Signal Structure
In Figure 1, 
where M is the number of data blocks. is (β + 1/2)T. The length of total M data blocks is (β + M − 1/2)T. Obviously, s 1 (t) overlaps with the next β − 1 data block signal.
PAPR for FBMC/OQAM
In a conventional OFDM system, the length of an OFDM symbol is T. Therefore, there is no overlap between adjacent symbol blocks, and a definition of PAPR is proposed for each individual OFDM symbol. The definition of PAPR is modified according to the overlapped signal structure. s(t) is divided into M + β intervals, each of which is equal to T (the last one is T/2). Accordingly, the PAPR of each interval is given as:
where i = 0, 1, . . . , M + β − 1, and E |s(t)| 2 is the s(t) expectation.
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s t is divided into M   intervals, each of which is equal to T (the last one is 2 T ). Accordingly, the PAPR of each interval is given as:
where Figure 2 . The overlapped signal structure.
Conventional PAPR Reduction Schemes
SLM Scheme
In the SLM scheme [13] , the input data block
is multiplied byU with different phase sequences
where U is the number of phase sequences,
with the lowest PAPR is selected for transmission as: 
Conventional PAPR Reduction Schemes
SLM Scheme
T , the one s = s u with the lowest PAPR is selected for transmission as:
The implementation of SLM technique requires U IFFT operations. When utilizing the SLM scheme to reduce PAPR of FBMC/OQAM signals, the performance is slightly better than the original signal. The PAPR reduction in FBMC/OQAM systems is limited by using the conventional SLM scheme. 
PTS Scheme
Let S denotes the input signal in frequency domain. S is partitioned into V sub-blocks with
T , V denotes the number of sub-blocks. In the PTS technique [14] , scrambling (rotating its phase independently) is applied to each sub-block. Then, each partitioned sub-block is multiplied by a corresponding complex phase factor b v = e jφv ,v = 1, 2, . . . , V. The time-domain signal after the combination is given as:
where {s v m (t)} is presented as a partial transmit signal. The phase vector is chosen to minimize the PAPR as:
Then, the corresponding time-domain signal can be obtained, which has the lowest PAPR vector as:
A set of elements limits the selection of the phase factors {b v } V v=1 , and reduces the search complexity. One simple example is to use the binary phase factor of {1, −1}.
The phase rotation operation is used for each transmit data block signal independently in the PTS scheme. When utilizing the PTS scheme to reduce PAPR in FBMC/OQAM systems, the overlapped structure debases the optimization performance. This conclusion could be verified by the simulations in Section 5.
Proposed Scheme
In this section, a hybrid method based on SLM and PTS schemes is proposed for FBMC/OQAM systems. Unlike the conventional hybrid SLM-PTS method, the effect of overlapped signal is taken into account in the proposed method. Firstly, the data pass through the SLM operation, and the appropriate phase sequences are selected. Then, we can obtain the initial PAPR reduction signal. The frequency-domain signal is transformed into the time-domain signal, and the data signal then passes through the modified PTS operation. The data block signal is divided into segments according to the overlap factor. In each segment, the first data block is optimized by a number of sub-blocks multiplied by the phase rotation factor. The optimal phase rotation factor is generated by choosing a minimum power between the first data block and the second data block, while processing the second data block. Obviously, the above operations take into account of the overlapping effects of multiple adjacent data blocks. The proposed scheme is presented below:
Step 1: Multiply the input data block
. . U, and obtain resulting modified data blocks
Step 2: Apply SLM to S, and the signal becomes:
In the modified data blocks S u , the one s = s u with lowest PAPR value is chosen for transmission. Transform the initial PAPR reduction time-domain signal into the frequency-domain signal.
Step 3: Adopt a modified PTS process when the overlapping effect is considered. Divide the M data blocks signal into several segments. The number of data blocks of each segment depends on the overlapping factor β. The minimized PAPR of the first segment signal can be obtained by choosing an appropriate phase vector.
Step 4: Calculate the optimal phase rotation factor for the second data block. Different from Step 3, considering the overlapping effect of the first data block, the optimal phase factor in the second data block is selected as:
where b v k ∈ {1, −1} is the phase factor for k = 1, 2, . . . M/β, the number of sub-blocks is v, and x 1 (t) is the first optimal data block signal. It is clear that the optimum phase factor in the second data block is based on the idea of minimizing the signal power between the first and second data block signals.
Step 5: Consider the effects of the previous two data blocks when calculating the third data block optimal phase rotation factor. Therefore, the optimal phase factor in the third data block is selected as:
In this way, the influence of multiple adjacent data block signals is taken into account. Based on the above idea, the minimized PAPR segment signal can be obtained.
Step 6: Obtain the minimized PAPR segment signals with the above steps.The final PAPR reduction signal can be given as:
where the superscript of x k (.) represents the number of segments. In Figure 3 , the block diagram of the proposed scheme is given, and the flow chart of the proposed scheme is shown in Figure 4 .
In the modified data blocks u S
Step 3: Adopt a modified PTS process when the overlapping effect is considered. Divide the M data blocks signal into several segments. The number of data blocks of each segment depends on the overlapping factor  . The minimized PAPR of the first segment signal can be obtained by choosing an appropriate phase vector.
where
,the number of sub-blocks is v , and 1 ( ) x t is the first optimal data block signal. It is clear that the optimum phase factor in the second data block is based on the idea of minimizing the signal power between the first and second data block signals.
where the superscript of  
. k x represents the number of segments. In Figure 3 , the block diagram of the proposed scheme is given, and the flow chart of the proposed scheme is shown in Figure 4 . 
Simulation Results
In this Section, the simulations are given to verify the analysis. The performance of the proposed method versus the traditional SLM, PTS, and simple SLM-PTS schemes are discussed. The physical layer for dynamic spectrum access and cognitive radio (PHYDYAS) filter is adopted in simulations. The complementary cumulative distribution function (CCDF) is used to measure the PAPR reduction performance. The bit error rate (BER) performance comparisons of the proposed method, the traditional SLM, PTS, and simple SLM-PTS methods are also given. The different conditions, including different numbers of phase sequences, different numbers of sub-blocks, and different numbers of data blocks, are considered for simulations. The detailed values of simulation parameters are shown in Table 1 . Figure 5 depicts the peak-canceling signals of the proposed scheme, traditional SLM and PTS scheme, simple SLM-PTS hybrid scheme versus original signals. It can be seen that the peak powers of the signal appear at several points, and most of the remaining points have lower power. The results show that the proposed method can effectively reduce the peak power of the signal, compared to the two traditional SLM, PTS and simple SLM-PTS hybrid schemes. Figure 6 gives the PAPR reductions of the proposed method and the other three methods with M = 16, U = 4 and V = 4. The curve "original" denotes the CCDF of FBMC/OQAM signal without any PAPR reduction. When , it can be found that traditional SLM scheme can reduce the signal PAPR by about 1.3 dB, the traditional PTS scheme can reduce the signal PAPR by about 1.6 dB, the simple SLM-PTS hybrid scheme can reduce the signal PAPR by about 1.8dB, and the proposed method can reduce the signal PAPR by about 3.2dB.The traditional PTS scheme outperforms the traditional SLM scheme in FBMC/OQAM systems. Obviously, these two conventional PAPR reduction solutions cannot effectively reduce the PAPR of FBMC/OQAM 
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In the subsequent simulations, i focus on the PAPR reductions of the proposed method with different numbers of sub-blocks, different numbers of phase sequences and different numbers of data blocks. Moreover, the PAPR performances of the SLM-PTS and proposed method are also simulated under two different filter banks. Figure 7 shows PAPR reductions of the four methods with different numbers of phase sequences U and different numbers of sub-blocksV . It can be found that increasing the number of phase sequences and sub-blocks can improve the PAPR reduction performance. In the SLM, PTS and simple SLM-PTS methods, increasing U and V from 4 to 8, the performance can improve by about 0.5 dB, 0.9 dB and 0.8 dB, respectively. The proposed method with U=8 and V=8 provides the signals. The SLM-PTS scheme provides a slightly better performance than the SLM and PTS schemes. The proposed method can achieve a PAPR improvement of 1.4 dB compared to the SLM-PTS scheme. This indicates that the proposed hybrid method based on the overlapping effect of adjacent data blocks can significantly reduce the PAPR. Figure 5 . The peak-canceling signals with four PAPR reduction methods (i.e., the proposed method, the SLM, PTS and SLM-PTS methods) versus the original signal. Figure 6 . PAPR reductions by using the proposed method, the SLM, PTS and SLM-PTS methods with M=16, U=4 and V=4.
In the subsequent simulations, i focus on the PAPR reductions of the proposed method with different numbers of sub-blocks, different numbers of phase sequences and different numbers of data blocks. Moreover, the PAPR performances of the SLM-PTS and proposed method are also simulated under two different filter banks. Figure 7 shows PAPR reductions of the four methods with different numbers of phase sequences U and different numbers of sub-blocksV . It can be found that increasing the number of phase sequences and sub-blocks can improve the PAPR reduction performance. In the SLM, PTS and simple SLM-PTS methods, increasing U and V from 4 to 8, the performance can improve by about 0.5 dB, 0.9 dB and 0.8 dB, respectively. The proposed method with U=8 and V=8 provides the In the subsequent simulations, i focus on the PAPR reductions of the proposed method with different numbers of sub-blocks, different numbers of phase sequences and different numbers of data blocks. Moreover, the PAPR performances of the SLM-PTS and proposed method are also simulated under two different filter banks. Figure 7 shows PAPR reductions of the four methods with different numbers of phase sequences U and different numbers of sub-blocks V. It can be found that increasing the number of phase sequences and sub-blocks can improve the PAPR reduction performance. In the SLM, PTS and simple SLM-PTS methods, increasing U and V from 4 to 8, the performance can improve by about 0.5 dB, 0.9 dB and Information 2018, 9, 246 9 of 12 0.8 dB, respectively. The proposed method with U = 8 and V = 8 provides the best PAPR reduction performance in the nine curves, and it can achieve a 1.2 dB performance improvement compared with the proposed method with U = 4 and V = 4, when CCDF = 10 −3 is considered. It is worth noting that increasing the numbers of U and V can significantly improve the performance of PAPR reduction, but it also brings the impact of increased computational complexity.
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In Figure 8 , the PAPR reductions of the four methods with different numbers of data blocks are given, where U = 4 and V = 4. In SLM, PTS and simple SLM-PTS methods, the fewer data blocks scheme has a better performance of PAPR reduction. This is because that the greater the number of data blocks in the FBMC/OQAM signal, the greater the effect of signal overlapping. However, the more data blocks scheme outperforms the fewer data blocks scheme in the proposed method. The proposed method takes into account of the overlapping effects of multiple adjacent data blocks, so more data blocks do not lead to PAPR performance degradation. In Figure 8 , the PAPR reductions of the four methods with different numbers of data blocks are given, where U = 4 and V = 4. In SLM, PTS and simple SLM-PTS methods, the fewer data blocks scheme has a better performance of PAPR reduction. This is because that the greater the number of data blocks in the FBMC/OQAM signal, the greater the effect of signal overlapping. However, the more data blocks scheme outperforms the fewer data blocks scheme in the proposed method. The proposed method takes into account of the overlapping effects of multiple adjacent data blocks, so more data blocks do not lead to PAPR performance degradation.
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In Figure 8 , the PAPR reductions of the four methods with different numbers of data blocks are given, where U = 4 and V = 4. In SLM, PTS and simple SLM-PTS methods, the fewer data blocks scheme has a better performance of PAPR reduction. This is because that the greater the number of data blocks in the FBMC/OQAM signal, the greater the effect of signal overlapping. However, the more data blocks scheme outperforms the fewer data blocks scheme in the proposed method. The proposed method takes into account of the overlapping effects of multiple adjacent data blocks, so more data blocks do not lead to PAPR performance degradation. The PAPR reduction performances of the SLM-PTS and proposed methods with two classical filter banks are shown in Figure 9 . The two classical filter banks are PHYDYA and square root raised cosine (SRRC) filter. In the SRRC filter bank, the roll-off factor is one, and the length of filter is 4T. We can find that, when the same PAPR reduction scheme is used, the FBMC/OQAM system with SRRC can provide a slightly better performance of PAPR reduction than the FBMC/OQAM system with PHYDYAS. This may be due to the fact that SRRC has a better time-frequency characteristic, the overlapped structure has a weaker effect on the PAPR reduction of the SRRC filter bank. Figure 10 shows the BER comparisons of the four methods over the multipath channel with M = 16, U = 4 and V = 4 (i.e., the Pedestrian A (PA)). The channel model is four multipaths with delays of 0, 110, 190 and 410 ns, respectively, and relative powers of 0, -9.7, -19.2 and -22.8 dB, respectively. In the condition of the same signal noise ratio (SNR), the BER of original signal is the lowest, the BER of PTS method is slightly better than that of the SLM method. When BER = 10 −3 , the SNR of proposed method increases by about 0.7 dB compared to the SLM-PTS method, increases by about 1.3 dB compared to the PTS method, and increases by about 1.4 dB compared to the SLM method. The proposed method outperforms the other three methods.
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The PAPR reduction performances of the SLM-PTS and proposed methods with two classical filter banks are shown in Figure 9 . The two classical filter banks are PHYDYA and square root raised cosine (SRRC) filter. In the SRRC filter bank, the roll-off factor is one, and the length of filter is 4T . We can find that, when the same PAPR reduction scheme is used, the FBMC/OQAM system with SRRC can provide a slightly better performance of PAPR reduction than the FBMC/OQAM system with PHYDYAS. This may be due to the fact that SRRC has a better time-frequency characteristic, the overlapped structure has a weaker effect on the PAPR reduction of the SRRC filter bank. Figure 10 shows the BER comparisons of the four methods over the multipath channel with M = 16, U = 4 and V = 4 (i.e., the Pedestrian A (PA)). The channel model is four multipaths with delays of 0, 110, 190 and 410ns, respectively, and relative powers of 0, -9.7, -19.2 and -22.8 dB, respectively. In the condition of the same signal noise ratio (SNR), the BER of original signal is the lowest, the BER of PTS method is slightly better than that of the SLM method. When The PAPR reduction performances of the SLM-PTS and proposed methods with two classical filter banks are shown in Figure 9 . The two classical filter banks are PHYDYA and square root raised cosine (SRRC) filter. In the SRRC filter bank, the roll-off factor is one, and the length of filter is 4T . We can find that, when the same PAPR reduction scheme is used, the FBMC/OQAM system with SRRC can provide a slightly better performance of PAPR reduction than the FBMC/OQAM system with PHYDYAS. This may be due to the fact that SRRC has a better time-frequency characteristic, the overlapped structure has a weaker effect on the PAPR reduction of the SRRC filter bank. Figure 10 shows the BER comparisons of the four methods over the multipath channel with M = 16, U = 4 and V = 4 (i.e., the Pedestrian A (PA)). The channel model is four multipaths with delays of 0, 110, 190 and 410ns, respectively, and relative powers of 0, -9.7, -19.2 and -22.8 dB, respectively. In the condition of the same signal noise ratio (SNR), the BER of original signal is the lowest, the BER of PTS method is slightly better than that of the SLM method. When , the SNR of proposed method increases by about 0.7 dB compared to the SLM-PTS method, increases by about 1.3 dB compared to the PTS method, and increases by about 1.4 dB compared to the SLM method. The proposed method outperforms the other three methods. As show in the simulation results, it can be verified that the proposed hybrid scheme has improved the PAPR reduction performance when compared with the two conventional schemes in FBMC/OQAM systems. The superiority of this method is due to the fact that the overlapped data block structure is considered in the joint PAPR reduction process. By reducing the peak of the overlapping signals, a better PAPR reduction effect can be achieved.
Conclusions
In this paper, an effective hybrid PAPR reduction scheme has been proposed. The proposed method is not simply a combination of SLM and PTS. In the proposed method, the initial PAPR signal is obtained by the SLM process with the selection of corresponding phase sequences. Then, the initial PAPR reduction signal passes through the modified PTS scheme, where the effect of multiple adjacent data blocks is considered in the following PAPR reduction process. From simulation results, it can be obtained that the proposed scheme can offer a better performance than the traditional SLM, PTS and SLMPTS schemes, and it is effective for PAPR reduction of FBMC/OQAM signals. 
